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Supplementary methods

River Selection and field surveys

We avoided rivers bisected by roads so that we could assess the effects of rural-urban gradients with a single urban ‘pull’. We used shapefiles of all protected areas (ISA 2007) and indigenous territories to aid our river selection using a GIS. At the time of surveying, portions of two of the watersheds we surveyed included National Forests (Rio Maués, Floresta Nacional do Pau-Rosa; Rio Tefé, Floresta Nacional de Tefé). Whilst changes in land tenure may have affected specific settlements, this is a ‘soft’ category of forest reserve within which we observed minimal presence and law enforcement by the government environmental agency, IBAMA. Each river expedition lasted 10-21 days. We assembled a separate boat team in each urban centre, using boat drivers and assistants with decades (often life-long) experience on that river, who were known to local ribeirinhos. We spent at least a week in each urban center prior to each survey, in which great care was taken to find a reliable boat and crew. We took advice from traders, pastors, priests, local government, local nongovernmental organizations (whenever available) and other local contacts.

Settlement sampling design

We mapped all 434 settlements encountered during upriver journeys using a GPS (Garmin) and Landsat images (from https://zulu.ssc.nasa.gov/mrsid/) using a GIS (Global Mapper v7, Greenwood Village, Colorado) and a laptop computer. We used stratified random sampling to select the surveyed settlements out of those recorded during each upriver trip. 
Settlement-level interviews

Prior to commencing either interview, we spent at least one hour discussing our research objectives and identity with villagers. We clarified that information provided was confidential, and that participation was voluntary. Depending on the size of the settlement, and persons available, interviews were conducted with one or two key informants (such as the locally-elected community leader), combined with additional questioning of relevant stakeholders (e.g. teachers for information on education provision, hunters for information on extractive activities,  elders for data on community age and other historical information). Settlement interviews lasted for between an hour and an hour and a half. For both the settlement and household interviews there were numerous blank boxes in the questionnaires in which the interviewer (L. Parry) recorded pertinent quotations or other relevant information offered by interviewees. In addition to more structured questions on migration intentions, migration histories and attitudes to upriver and downriver settlement, these quotations formed the basis of the Qualitative Insights, in Results. 
Household interviews

In addition to heads of household, we received useful information from other members of the household, such as teenage children and grandparents (whom often contributed to the household economy). We also attempted to validate information from interviewees using data triangulation methods in which other sources of information are gathered (Jick 1979). For example, we initiated more informal separate discussions with other community members, members of our boat team familiar with the river and its communities, and inhabitants of neighboring settlements. Informant observation was also used as a form of data triangulation. Household interviews generally took an hour.
Valuable items

We assessed household wealth by ownership of valuable items used within the household (electrical goods, sewing machine, oven, generator), and key valuable items for livelihoods (iron furnace for toasting manioc, chainsaw, shotgun, outboard motor), and boat/canoe ownership. Establishing ownership of these goods was considered less intrusive than attempting to determine (often nonexistent) bank balances or remittances, yet served as a proxy of wealth.  These items are available across Amazonia, and are readily observable within or around a household. The purchase price of goods was assessed in urban centers, and converted to US$ according to the exchange rate of 1 June 2007.

Supplementary data analysis

Statistical models for drivers of settlement growth
The starting point for our settlement growth model was a model of the determinants of settlement size s in locality i.

We assumed that the natural log of settlement size in 1991 (denoted by sub- and superscripts 0) was determined by the following linear process:

lnSi0 = c0 + αi + γ0ri + β01distancei + β02navi + β3educi0 + β4healthi0 + εi0 

(1) 

Likewise the natural log of settlement size in 2007 (denoted by sub- and superscripts 1) is given by:

lnSi1 = c1 + αi + γ1ri + β11distancei + β12navi + β3educi1 + β4healthi1 + εi1

(2)
Here:

c is the intercept of the linear process and is allowed to change from 1991 (c0) to 2007 (c1). Roughly speaking, it is the average size of the urban centre.

γri is a fixed river effect where ri indicates the river along which settlement i is situated. As with the overall intercept, c, we allow the river effect to differ between 1991 and 2007.

αi is a settlement-specific fixed effect that is constant between 1991 and 2007.

β1 is the parameter on distances from urban centers which, as previously outlined, serves as a proxy for other biophysical, social and economic variables. This parameter is allowed to change from 1991 to 2007. We would expect β1 to be negative, implying that settlements become smaller with distance from the local urban centre.

β2 is the parameter on navigability, and is specified to change from 1991 to 2007, to allow for different relative costs and benefits over this time period. We expect β2 to be negative, implying that settlements beyond navigable sections of a river are smaller.

β3 is the parameter on education, which is assumed to be constant between 1991 and 2007. Accordingly, we assume that having access to education has the same impact on settlement size in 2007 as it did in 1991. We use the availability of educational facilities (categorical: yes or no), including transport to other local schools or lessons in a domestic household. We used interview data to determine the relative provision of education in 1991.

β4 is the parameter describing healthcare, which is assumed to be constant between 1991 and 2007. For health, we use the presence of a community health agent (agente de saúde [normally a trained community member]; categorical: yes or no) as a proxy for health service provision, though settlements may also have had a paramedical assistant or nurse. We assume that having access to healthcare has the same impact on settlement size in 2007 as it did in 1991. We also assume that no settlements had health agents in 1991 as this initiative started after the inception of the Family Health Program (Programa de Saúde da Família) in 1994.

εi is a random error term and accounts for the variance in settlement size not explained by our model parameters.

To examine drivers of settlement size change, we subtract (2) from (1), giving:

lnSi1 - lnSi0 = ln(Si1/Si0) = (c1 - c0) + (αi - αi) + (γ1ri - γ0ri) + (β11 - β01)distancei + (β12 – 

   β02)navi + β3(educi1 – educi0) + β4(healthi1 – healthi0) + (εi1 εi0)

                           = ∆c + ∆γri + ∆β1distancei + ∆β2navi +β3∆educi + β4∆healthi + ∆εi










(3)

Notice from (3) that in differencing (1) and (2) the settlement specific parameter αi falls out of the equation.

We calculate the natural log of proportional change in settlement size from survey data and take (3) to the data. The parameter, the differenced model consist of ∆c ∆γ ∆β1 ∆β1 β3 and β4; where,

∆c indicates the overall change in population size, across all study rivers, and represents overall settlement growth, if positive.

∆γ we assumed to be a random effect that allows for river-specific change in ∆c. ∆γ we take to be normally distributed with variance Μ2.

∆β1 measures change in the “costliness” of distance in terms of its impact on settlement size. A change in β1 from 1991 (β01) to 2007 (β11) would imply that the costs of distance have changed over that period. For example, if as we expect β11 is more negative than β01, then we conclude that living farther from an urban centre is more costly in 2007 than it was in 1991.

∆β2 measures change in the costliness of navigability in terms of its impact on settlement size. A change in β1 from 1991 (β01) to 2007 (β11) would imply that the costs of navigability have changed over that period. For example, if β12 is more negative than β02, then we conclude that living beyond the limit of navigability is more costly in 2007 than it was in 1991.

β3 measures education between 1991 and 2007. 

β4 measures healthcare between 1991 and 2007. 

∆εi is a residual element which we assume to be normally distributed with variance σ2.

Random utility model of current migration intent

Utility (Uij) is typically defined as a (linear) set of explanatory variables that are combined to form the mostly non-random components of the utility (zij, the combination of explanatory variables, with coefficient β), and a stochastic error (random) component (εij):

Uij = βzij + εij

where, for a given agent time-event, i (such as a migration), choice j is made (McFadden 1974). The explanatory variables zij consist of attributes of the choice xij, as well as characteristics of the agent (in this case, household), wi. We used a logit error term and calculated the probability of a given choice being made: 

Pr (Yi = j | zi1, zi2,…ziJ) = eβzij / ∑J eβzij
where Yi is an indicator variable designating that choice j was made.

Household characteristics were binary (true/false) in all cases and included factors known to influence migration selectivity: land tenure (including documents from the state or federal land reform agency, official title irrespective of whether land taxes had been paid, state or federally-designated reserve, no land title or documents naming the landlord); poverty (defined as a household with ≤4 valuable items); public wage sector membership (receiving a salary as school teacher, school assistant, federal river level monitor, health agent, etc); receiving a private salary; receiving government subsidy (retirement pension, disability pension, family grant); having dependent children in the household (<15 years old). Variables of settlement utility and urban centers included: travel distance to urban centre; healthcare (categorical: no healthcare; health agent; nurse and/or functioning clinic; hospital); education (categorical: no education available; lessons in a domestic household; elementary primary school (lessons to 4th grade); transport provided to school in another settlement; intermediate primary school (lessons to 8th grade); secondary school; university). The abundance of natural resources was represented by the local depletion distance of tapir as a proxy of hunted wildlife abundance (BLANK, unpublished data). Trading costs were represented by the price of a kilogram of sugar, an essential commodity.

Supplementary Results

Transport

Given the seasonal variation in the navigability of meander short-cuts and general avoidance of night-time travel in low water months, travel time was significantly longer in the dry season than in the wet season (52% longer), as was total journey time (70% longer; travel time: t158 = 14.39, p = 0.000; journey time: t158 = 14.48, p = 0.000).

The navigable distance up sub-tributaries in the dry season was significantly reduced for small (~9 m length) and large inboard diesel-powered boats (ferry size, ~20m; U7,7 = -2.49, p < 0.05; U6,6 = -2.72, p < 0.01, respectively). There was no significant seasonal difference in the navigable range of small and large motorized canoes (U6,6 = -0.72 p = 0.49; U6,6 = -0.32 p = 0.82, respectively).

Trade

Manioc flour (farinha) and its derivatives was the principal agricultural product. Non-timber forest resources (salted game meat, Brazil nuts (Betholletia excelsa), vines, latex of rubber-trees (Hevea brasiliensis)) and aquatic resources (mainly salted catfish and turtles (Podocnemis spp.)) were also important. Harvesting of the fiber of a wild palm (piaçava, (Leopoldinia piassaba)) was the dominant economic activity along the Rio Aracá. River-dwellers in remote areas often received three times less for their produce than the going rate in their local urban centre. Although in some cases several boat traders (regatões) served a settlement encouraging competition, households were often indebted to, and obliged to sell their produce, to a particular trader in order to pay their debt. We observed that many rural households near urban centers bypassed the middlemen, sold all their produce directly to urban markets, and bought essential goods with cash, thereby avoiding exchange with river traders. Farmers living nearer urban centers were also able to sell perishable and heavy fruits such as water melon and pineapple in urban markets.

Education and healthcare

Primary education (up to 8th grade), junior high school, and high school extended to at most 106, 88 and 34 km from an urban centre, respectively. Upriver households were severely deprived of access to education. For instance, one settlement on the Rio Pauini was located 571 km from the nearest school. The farthest available nurse was only 88 km from the nearest town, whereas doctors were deployed to only 34 km from the nearest town.

Power

On average, electrical power was available up to 213 ± 34 km from the nearest urban centre (range = 87 - 388 km). This corresponds to 67 ± 10 % of the inhabited length of sub-tributaries (range = 12% - 97%). Only 4 out of 184 rural settlements had full-time (24 h/day) access to electricity from a mains grid, and the farthest was only 37 km from the nearest town. A total of 72 (39%) settlements had a generator, of which 17 (24%) were private and 8 (11%) were broken. Several generators had not been used for as long as 6 years, and those that did work Only 37 of the 184 settlements received any government fuel quotas, 35 of which from the local municipal government, one from a state politician and one from a local church.

Communication

Local FM radio broadcasts were available in seven of the eight municipalities. However, only 51% of the settlements we surveyed were within broadcast range of their local radio-station. The farthest settlements receiving radio signals were, on average, 155 km travel distance from town, though one municipality (Coari) broadcast right up to the last household on the river (409 km travel distance). Only 11 of the 184 settlements we visited had a public payphone, mostly operated by solar power. Settlements served by a payphone had at least 12 households and were at most 137 km travel distance from urban centers. However, only four of those phones were working at the time of surveys. An additional four settlements had access to long-range two-way radios, up to 231 km travel distance from towns, and rural mobile phone reception was available along two rivers though covering only 69 km travel distance from towns.
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ESM Table 1. Key data collected during settlement-level interviews in 2007.

	Category
	Data collected

	

	Settlement characteristics

	
	· Number of inhabitants and households in 2007

	
	· Number of households in 1991 (to aid comparison and complementarity with government census data from 1991)

	
	

	Transport to urban centre

	
	· Travel time in high and low water seasons

	
	· Journey time (travel time plus rests and breakdowns) in high and low water seasons

	
	· Navigability – whether the location was reachable by motorized canoe (large and small) and larger boats (~ 9 m and ~ 20 m (ferry size)) in high and low water seasons

	
	· Urban centre visitation (inter-trip period) by at least one member of a household, averaged across all households in a settlement 

	
	

	Public service provision

	
	· Education (teaching level (seríe); facilities (school/lesson in domestic household/transport provided to school in another settlement/none)

	
	· Healthcare (health agent (agente de saúde)/nurse/clinic/none)

	
	· Power (generator; ownership; hours of usage; fuel source)

	
	· Communications (local FM radio reception; public telephone; mobile phone reception; radio phone)

	
	

	Subsidy

	
	· Number of families receiving rural pensions, family grant (Bolsa Família), disability pension

	
	

	Employment

	
	· Number of residents employed by the public (e.g. school assistant) or private sector (e.g. ranch hand)

	
	

	Trade

	
	· Prices of 13 essential goods bought from river traders

	
	· Prices of 5 key agricultural and forest products sold to river traders

	
	

	Natural resources

	
	· Land availability (estimated distance from settlement to primary forest; relative availability of unflooded land within surrounding landscape).

	
	· Wildlife abundance, using relative depletion of a key hunted species, tapir Tapirus terrestris, as a proxy for overall wildlife abundance around a settlement. See Chapter 4 for full details of this method.

	
	


ESM Table 2. Key data collected during interviews in randomly selected households.
	Category

	Data collected



	Household demographics

	
	· Age and sex of inhabitants

	
	

	Migration history

	
	· Location prior to current settlement (if any) 

	
	· Characteristics of previous location: urban/rural upriver/rural downriver

	
	· Date of re-settlement to current location

	
	· Reason for re-settlement

	
	

	Current migration intentions

	
	· Is household currently planning to migrate?

	
	· If so, where, why and when?

	Subsidy

	
	· Household wealth based on valuable possessions

	
	

	Employment

	
	· Details of any employment (public or private) by household members

	
	

	Subsidy

	
	· Which, if any, government subsidies the household receives 

	
	        (Family Grant Bolsa Família, rural pension, disability pension
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ESM Figure 1. Primary motives given for migration to current rural location, in relation to the distance of their current location from the municipal urban center. 
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ESM Figure 2. Primary motive given for migration to current rural location, in relation to the time period during which the respondent migrated to the current location.
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